AE1 [anion exchanger 1, also known as SLC4A1 (solute carrier family 4, anion exchanger, member 1) and band 3 (erythrocyte membrane protein band 3)] is a major membrane glycoprotein expressed in human erythrocytes where it mediates the exchange of chloride and bicarbonate across the plasma membrane. Glycophorin A (GPA) is a sialoglycoprotein that associates with AE1 in erythrocytes forming the Wr b (Wright b) blood group antigen. These two integral proteins may also form a complex during biosynthesis, with GPA facilitating the cell surface expression of AE1. This study investigates the interaction of GPA with AE1 in K562 cells, a human erythroleukaemic cell line that expresses GPA, and the role of GPA in the cell surface expression of AE1. In K562 cells, GPA was dimeric and N-and O-glycosylated similar to erythroid GPA. GPA was localized at the cell surface, but also localized to the Golgi. AE1 expressed in K562 cells contained both complex and high-mannose oligosaccharides, and co-localized with GPA at the cell surface and in the endoplasmic reticulum (ER). The Wr b antigen was detected at the cell surface of AE1-transfected K562 cells, indicating the existence of an AE1-GPA complex. Immunofluorescence and co-immunoprecipitation studies using AE1 and an ER-localized hereditary spherocytosis mutant (R760Q AE1) showed that GPA and AE1 could interact in the ER. GPA knockdown by shRNAs (small-hairpin RNAs), however, had no effect on the level of cell surface expression of AE1. The results indicate that AE1 and GPA form a complex in the ER of human K562 cells, but that both proteins can also traffic to the cell surface independently of each other.
INTRODUCTION

AE1
[anion exchanger 1, also known as SLC4A1 (solute carrier family 4, anion exchanger, member 1) and band 3 (erythrocyte membrane protein band 3)] is a major integral protein of the human erythrocyte membrane [1] . It is a 911-amino-acid glycoprotein and contains a single N-glycosylation site at Asn 642 [2] . AE1 is responsible for the electroneutral exchange of bicarbonate for chloride across the plasma membrane, helping increase the capacity of the blood to carry CO 2 as plasma bicarbonate. Human AE1 has a monomer molecular mass of 95 kDa and exists as dimers and tetramers in the RBC (red blood cell) membrane. Mild proteolytic cleavage of this protein in erythrocyte membranes yields two functional domains [3] . The 52 kDa C-terminal transmembrane domain (Gly 361 -Val 911 ) spans the membrane space 12-14 times and mediates the anion transport function [4] . The C-terminal portion of the membrane domain binds carbonic anhydrase II [5] and is required for the efficient trafficking of AE1 from the ER (endoplasmic reticulum) to the plasma membrane [6] . The 43 kDa N-terminal cytosolic domain (Met 1 -Lys 360 ) provides binding sites for cytoskeletal proteins, including ankyrin, protein 4.1 and protein 4.2, and acts as an anchor between the cell membrane and the cytoskeleton [7] . The cytosolic domain of AE1 also binds deoxyhaemoglobin and glycolytic enzymes such as GAPDH (glyceraldehyde-3-phosphate dehydrogenase), aldolase and phosphofructokinase, which exist as a membrane-associated complex [8] .
GPA (glycophorin A) is the other major membrane glycoprotein found in erythrocytes, present in similar abundance to AE1. Human GPA is a 131 amino acid type I membrane protein with 15 O-linked oligosaccharide chains and one N-linked complex sugar at Asn 26 [9] . It has an extracellular N-terminal domain, a single transmembrane segment spanning residues 73-96, and a charged carboxyl-tail extending into the cytoplasm. GPA is a marker for both RBCs and their precursors, as it is found exclusively on cells of the erythroid lineage [10, 11] . GPA forms SDS-resistant dimers in the RBC membrane via hydrophobic interactions between residues within the transmembrane region [12] . There has only been one reported case of an AE1 null human, causing severe anaemia, renal tubular acidosis and nephrocalcinosis [13] . Therefore total loss of AE1 in humans is most likely lethal; however, human erythrocytes devoid of GPA (e.g. En(a-) cells) exhibit no haematological defects or associated clinical symptoms [14] .
The presence of the Wr b (Wright b) antigen provides strong evidence that AE1 and GPA form a complex because the expression of this antigen is due to a specific interaction between Glu 658 of AE1 and residues 58-70 (particularly Arg 61 ) of GPA [15] . Co-immunoprecipitation of GPA and AE1 has been achieved using an antibody against Wr b [16] . The Wr a /Wr b polymorphism results from an allelic change in the AE1 gene causing a Glu 658 Lys substitution [15] . The large majority of people possess the Wr b polymorphism and those that lack GPA show no Wr b antigenicity.
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Biophysical studies have shown that antibodies against GPA cause loss of the rotational mobility of AE1 in human erythrocytes [17] . This result was further strengthened by FRAP (fluorescence recovery after photobleaching) studies, which revealed a decrease in the lateral mobility of GPA and AE1 during anti-GPA-binding [18] . Co-expression studies in Xenopus laevis oocytes have shown that GPA facilitates the cell surface expression of AE1 and enhances its anion transport function [13, 19, 20] . Other studies have also suggested a physical AE1-GPA interaction. In RBCs that lack GPA, or contain more GPA than normal, the N-glycan on AE1 is affected and varies in length [21, 22] . Finally, studies in AE1 null mice have shown that GPA fails to reach the plasma membrane and is degraded [23] , supporting the idea of an interdependence between these two membrane proteins during their biosynthesis and trafficking in murine RBC precursors.
K562 cells are a human erythroleukaemic cell line that endogenously expresses GPA, but not AE1 [10] . We are interested in using K562 cells to investigate the role of GPA in the trafficking and cell surface expression of AE1, focusing on the interaction between AE1 and GPA. Endogenous GPA was found to efficiently exit the ER, localizing to the plasma membrane, but also to the Golgi. HA (haemagglutinin)-tagged WT (wild-type) AE1 was expressed in K562 cells by transient transfection and was able to traffic to the plasma membrane, although the majority of the protein localized to the ER. We also showed that AE1 and GPA interact in K562 cells and form a complex in the ER. Even though AE1 redistributed GPA to the ER, an AE1-GPA complex could still be detected at the cell surface. Finally, shRNA (small-hairpin RNA) knockdown of GPA in K562 cells had little effect on the level of cell-surface expression of AE1.
EXPERIMENTAL
Antibodies
GPA was detected by Western blot using the mouse monoclonal BRIC163 antibody (International Blood Group Laboratory, Fiton, Bristol, U.K.), which is targeted against an intracellular epitope. GPA in permeabilized and intact cells was detected by flow cytometry using the BRIC163 and BRIC256 antibodies respectively. BRIC256 (International Blood Group Laboratory) is a mouse monoclonal anti-GPA antibody that is targeted against an extracellular epitope. Both antibodies were used for immunofluorescence confocal microscopy studies. HA-tagged AE1 was detected using a mouse monoclonal anti-HA antibody (Covance) or a mouse monoclonal anti-C-terminal AE1 antibody (gift from Dr M. L. Jennings, Department of Physiology and Biophysics, University of Arkansas for Medical Sciences, Little Rock, AR, U.S.A.). A rat anti-HA antibody (Roche) was also used. Immunoprecipitation studies were performed using polyclonal rabbit antibodies against GPA (AbD Serotec) and against the C-terminus (SynPep) [24] and N-terminus (American Peptide Company) of AE1. The extracellular Wr b antigen was detected by flow cytometry and immunofluorescence using a mouse monoclonal BRIC14 antibody (International Blood Group Laboratory). Rabbit polyclonal anti-calnexin (Stressgen) and anti-giantin (Covance) antibodies were used as ER and Golgi markers respectively. The following fluorescently labelled secondary antibodies were used for the various immunofluorescence studies: goat anti-mouse Alexa Fluor ® 488 (Molecular Probes); goat anti-mouse PE (Jackson); donkey antiphenylmethanesul-rabbit Cy3 (Jackson); donkey anti-rat Cy3 (Jackson); rat anti-mouse FITC (eBioscience); and goat antirat Cy5 (Jackson). A mouse anti-GAPDH (Chemicon) antibody was used for normalizing GPA knockdown. TO-PRO3 stain (Molecular Probes) was used for nuclear staining.
Construction of plasmids and mutations
pcDNA3·WT-AE1·HA was constructed by inserting human AE1 cDNA (gift from Dr A.M. Garcia and Dr H. Lodish, Whitehead Institute, Cambridge, MA, U.S.A.) into the HindIII → XhoI and BamHI cut sites of the pcDNA3 vector (Invitrogen). Externally HA-tagged constructs were created by PCR insertion after position 557 in the amino acid sequence as described in [6] . Retroviral expression plasmid pFB-Neo-R760Q-AE1-HA was constructed by inserting the cDNA encoding AE1 with an external HA-tag at position 557 into the XhoI site of the retroviral expression vector pFB-Neo (Stratagene). The R760Q mutation was subsequently created by site-directed mutagenesis (Stratagene). For the pSUPER vector, encoding an shRNA against GPA, a commercially designed 60-nt sequence derived from the mRNA transcript of human GPA (Oligoengine) was inserted between the HindIII and BglII cut sites of the pSUPER.puro vector (Oligoengine).
Cell culture and transfection of K562 cells
Human erythroleukaemic K562 cells were obtained from American Type Culture Collection (ATCC). Cells were grown in RPMI 1640 media (Gibco), supplemented with 10 % FBS (fetal bovine serum) and 0.5 % P/S (penicillin and streptomycin solution, Invitrogen), at 37
• C in a 5 % CO 2 humidified incubator. Stable K562 cell lines expressing HA-tagged R760Q AE1 were maintained in supplemented RPMI 1640 media containing 2 mg/ml geneticin (G418, BioShop). It proved difficult to maintain stable cell lines expressing AE1. K562 cells (∼ 5 × 10 6 ) were therefore transfected with 4 μg of pcDNA3·WT-AE1·HA using Lipofectamine (Invitrogen) in FBS-supplemented RPMI 1640 media (no P/S). For GPA knockdown experiments, ∼ 5 × 10 6 K562 cells were transfected with 4 μg of pSUPER.puro vector using Lipofectamine (Invitrogen) in FBS-supplemented RPMI 1640 media (no P/S). These cells were maintained in supplemented RPMI 1640 media containing 5 μg/ml puromycin (BioShop). Western blot K562 cells were centrifuged at 125 g and cell pellets were washed once with PBS. Pellets were then lysed in 2× SDS sample buffer and filtered through a DNA spin-column (Qiagen). Proteins were resolved by SDS/PAGE (8 % gel) and transferred on to nitrocellulose membranes. The membranes were probed with either mouse anti-HA antibody (1:5000 dilution) to detect AE1 or mouse BRIC163 antibody (1:1000 dilution) to detect GPA.
FACS (flow cytometry and fluorescence-activated cell sorting)
Samples were centrifuged at 125 g and cell pellets were washed with 1× Hanks buffer (Sigma-Aldrich) in 1 % BSA. Cells were fixed with 3.7 % formaldehyde (Sigma-Aldrich) for 10 minutes and washed with 100 mM glycine (BioShop). If desired, cells were permeabilized with 0.2 % saponin (Fluka) for 5 minutes. Primary antibody was added to cells in 300 μl of 1× Hanks buffer (Gibco) in 1 % BSA. BRIC256 and BRIC163 were used to detect GPA, anti-HA to detect AE1, and BRIC14 to detect Wr b antigen. The cells were then washed three times, followed by the addition of goat Alexa Fluor ® 488-or PE-conjugated anti-mouse secondary antibodies. After another three washes, cells were passed through a microsieve into a collection tube. A BSL1 four-colour BD FACSCalibur was used for data collection and analysis was done in CellQuest and FlowJo software programs. Some samples were FACS sorted by mouse anti-HA and rat FITC-conjugated antimouse antibodies using a 13-colour BD FACSAria.
Immunofluorescence confocal microscopy
Cells were grown overnight on coverslips coated with poly-L-lysine (Sigma-Aldrich), washed in PBS, and fixed in 3.7 % formaldehyde (Sigma-Aldrich) for 10 minutes. After fixing, cells were washed in 100 mM glycine, and if permeabilized, were incubated with 0.2 % Triton X-100 for 5 minutes. After blocking in 3 % BSA for 1 hour, primary antibody was added to the cells. Cells were then washed three time in PBS and incubated with the appropriate fluorescently labelled secondary antibody. After another set of washes, cells were mounted on to slides with 10 μl of DakoCytomation fluorescent mounting medium (DAKO). Observation was performed using a 63 × objective lens on a laser scanning confocal Zeiss LSM 510 microscope.
Co-immunoprecipitation studies
K562 cells were lysed on ice for 30 minutes in 1 % digitonin (Sigma-Aldrich) containing a protease inhibitor cocktail [leupeptin (1 μM), aprotinin (1 μM), phenylmethanesulfonyl fluoride (200 μM) and pepstatin A (1 μM)]. Lysates were centrifuged for 30 minutes at 16 100 g at 4
• C. AE1 and GPA were immunoprecipitated by incubating the supernatants at 4
• C with a 1:200 dilution of the appropriate rabbit polyclonal antibody serum, followed by a 1 hour incubation with 30 μl of Protein GSepharose beads (GE Healthcare). The beads were washed three times in lysis buffer and the bound proteins were eluted from the resin with 2× SDS sample buffer. Proteins were resolved by SDS/PAGE (8 % gel) and analysed by Western blot using BRIC163 antibody to detect GPA or mouse anti-HA and mouse anti-C-terminal AE1 antibodies to detect AE1.
RESULTS
Characterization of endogenous GPA expression in K562 cells
The presence of GPA in RBC ghosts and K562 whole cell lysates was detected by Western blot using the mouse BRIC163 antibody, which recognizes an intracellular GPA epitope. When analysed on SDS/PAGE gels, GPA in RBC ghosts existed mostly as a dimer, with some monomer (Figure 1, lane 2) . A major band corresponding to a GPA dimer was also observed in K562 cell lysates ( Figure 1, lane 3) running with an apparent molecular mass of ∼ 90 kDa. GPA moves anomalously slowly on SDS/PAGE gels because of its highly glycosylated nature [25] . These results show that endogenous GPA in K562 cells forms SDS-resistant dimers, similar to that observed in RBCs. Since GPA in RBCs is known to be highly glycosylated and sialylated, the glycosylation pattern of GPA in K562 cells was studied. K562 cell lysates were treated with various glycosidases and the resulting shifts in the electrophoretic mobility of GPA were assessed (Figure 1, lanes 4-9) . Treatment of samples with Endo H, which cleaves high mannose oligosaccharides, did not cause any visible shift; however, a downward shift was observed after PNGaseF treatment (Figure 1, lanes 4 and 5) . This shows that GPA had acquired a complex oligosaccharide, indicating that it had exited the ER and had arrived at the medial Golgi compartment or beyond. Neuraminidase cleaves terminal sialic acid residues from oligosaccharides. Similar to the results observed by Morrow and Rubin [26] , treatment with neuraminidase also resulted in the increased mobility of GPA, showing an apparent molecular mass of 67 kDa (Figure 1 , lane 6). Thus GPA in K562 cells is heavily sialylated similar to GPA in RBCs. O-glycosidase cannot cleave O-linked glycans that have terminal sialic acid extensions; therefore, K562 lysates were treated with neuraminidase prior to the addition of O-glycosidase. This double treatment caused a significant downward shift ( Figure 1, lane 7) , consistent with the removal of a large number of O-linked sugars. After neuraminidase/O-glycosidase treatment, GPA ran as a series of closely spaced bands with average molecular mass of ∼ 50 kDa, most likely due to the incomplete removal of all O-linked sugars. The large shift observed on SDS/PAGE gels results from the removal of covalently bound carbohydrates that cause glycoproteins to migrate at rates that are not proportional to their molecular mass. Therefore, by treating GPA with glycosidases, the protein corresponded more accurately with the true molecular mass of the GPA dimer. Since sialic acid and O-linked sugars are added in the Golgi, these results further indicate that GPA had efficiently exited the ER. Importantly, all of the GPA was sensitive to neuraminidase/O-glycosidase, showing that it had all arrived at the Golgi for processing. After cleavage of O-linked oligosaccharides, treatment of GPA with Endo H did not change the pattern of bands, while PNGaseF downward shifted the upper bands (Figure 1, lanes 8 and 9) . These deglycosylation experiments indicate that GPA in K562 cells efficiently exits the ER and acquires O-linked and complex N-linked oligosaccharides. The cell surface localization of GPA in K562 cells was established by flow cytometry using the mouse BRIC256 antibody (Figure 2) , which recognizes an extracellular GPA epitope. A strong fluorescence signal was detected for intact cells, however, an increased signal was detected in cells permeabilized with 0.2 % saponin. In agreement with previous observations [27] , this increase in geometric mean fluorescence indicates that GPA is not only present at the cell surface, but is also inside the cell.
The localization of GPA in K562 cells was studied by immunofluorescence confocal microscopy using the mouse BRIC256 and BRIC163 antibodies. Images taken of intact K562 cells using BRIC256 revealed a punctate cell surface GPA staining pattern ( Figure 3A, upper panel) , indicating that GPA is localized to discrete regions of the plasma membrane. When cells were permeabilized with 0.2 % Triton X-100, strong intracellular staining was observed throughout the cytoplasm ( Figure 3A , lower panel). Minimal co-localization of GPA with calnexin (an ER marker) was observed ( Figure 3B ). However, GPA did strongly co-localize with giantin, a Golgi marker ( Figure 3C ), forming bright foci with diffuse staining. These localization studies support the deglycosylation results, which suggest that GPA is not being retained in the ER. Although GPA can traffic to the plasma membrane, a significant fraction remains localized to the Golgi. The intracellular immunoreactivity at locations other than the Golgi may be due to the localization of GPA to other compartments of the secretory pathway.
Expression and localization of HA-tagged WT AE1 in K562 cells
K562 cells were transfected with a pcDNA3 vector encoding WT AE1 tagged with an HA epitope on the third extracellular loop (pcDNA3·WT-AE1·HA). Western blot of transfected K562 cell lysates was probed with an anti-HA antibody. A prominent lower band, with several slightly higher molecular mass bands, was observed ( Figure 4A, lane 3) . The bands near the top of the gel represent AE1 oligomers, which are often observed in AE1-transfected cell extracts. No such immunoreactive bands were seen in non-transfected K562 cells ( Figure 4A, lane 2) . Treatment of cell extracts with Endo H and PNGaseF showed that the lower band corresponded to AE1 with a high mannose oligosaccharide and the upper bands to AE1 with a complex oligosaccharide ( Figure 4A, lanes 4-6) . This indicated that a fraction of AE1 expressed in K562 cells was able to traffic from the ER to the Golgi, with modification of its oligosaccharide. A large fraction of AE1, however, was not processed to a complex glycoprotein, suggesting that AE1 does not traffic very efficiently from the ER to the Golgi in K562 cells.
In order to determine whether or not AE1 can traffic to the plasma membrane of transfected K562 cells, FACS was used to isolate the population of cells expressing AE1. Subsequent flow cytometric analysis using an anti-HA antibody to detect AE1 confirmed the cell surface expression of the protein ( Figure 4B ). When compared with a control sample of non-transfected K562 cells stained with both primary and secondary antibodies, an upward shift in fluorescence was observed for the FACS sorted sample, indicating that AE1 is indeed able to traffic to the cell surface of K562 cells.
Immunofluorescence confocal microscopy studies on intact and permeabilized transfected K562 cells were also performed, localizing AE1 expression to the plasma membrane and to intracellular compartments ( Figure 4C-E) . Specifically, AE1 co-localized with calnexin and giantin, with the majority of intracellular AE1 adopting an ER-like staining pattern. These results showed that AE1 could traffic to the plasma membrane in transiently transfected K562 cells, although it localizes mainly to the ER and, to a lesser extent, the Golgi.
Interaction of GPA with HA-tagged WT AE1 in transfected K562 cells
Complex formation between AE1 and GPA was studied by immunofluorescence co-localization, flow cytometry, and coimmunoprecipitation studies. Intact and permeabilized K562 cells transfected with pcDNA3·WT-AE1·HA were stained for AE1 and GPA using monoclonal anti-HA and BRIC256/BRIC163 antibodies respectively. Confocal images showed that the two proteins co-localized at the cell surface ( Figure 5A ) and intracellularly ( Figures 5B and 5C ). When AE1 was expressed, the localization of GPA changed, shifting from a Golgi to an ER-like distribution. The co-localization of AE1 with calnexin, as seen in Figure 4 (D), suggests that AE1 and GPA can form a complex in the ER and that AE1 is retaining GPA in the ER of K562 cells.
The Wr b antigen requires the expression of both AE1 and GPA, and the presence of this antigen provides evidence for an AE1-GPA complex. Flow cytometry analysis using BRIC 14, an antibody against the Wr b antigen, was performed on nonpermeabilized AE1-transfected K562 cells ( Figure 6A ), which had previously been FACS sorted for AE1 expression. Compared with non-transfected K562 cells, an upward shift in fluorescence was observed indicating that the complex existed at the cell surface of these cells. Immunofluorescence studies were subsequently performed on intact transfected K562 cells using BRIC14 to detect the Wr b antigen ( Figure 6B ). As confirmed by flow cytometry, positive staining was detected at the cell surface of a subpopulation of cells, indicating that AE1 and GPA probably interact as mature To further support the existence of an AE1-GPA complex in transfected K562 cells, co-immunoprecipitation studies were performed ( Figure 7 ). K562 cells transfected with pcDNA3·WT-AE1·HA were lysed in the mild detergent digitonin. Addition of rabbit anti-GPA antibody to cell lysates immunoprecipitated AE1 with high mannose and complex oligosaccharide (Figure 7, lane  4) , similar to the forms found in the total cell lysate (Figure 7,  lane 3) . This suggests that GPA and AE1 form a detergent-resistant complex in the ER (high mannose band) and through subsequent trafficking (complex band).
Interaction of GPA with HA-tagged R760Q AE1 in K562 cells
The R760Q mutation in AE1 is known to cause hereditary spherocytosis (HS) [28] . Previous studies have shown that this mutant form of AE1 is retained in the ER of HEK (human embryonic kidney) cells, resulting in a lack of AE1 at the cell surface [29] . We used a retroviral-based expression system to express HA-tagged-R706Q-AE1 in K562 cells. Immunofluorescence studies showed the co-localization of R760Q-AE1, GPA, and calnexin, suggesting that AE1 and GPA may form a complex in the ER ( Figure 8A ). Immunofluorescence studies of non-permeabilized cells also showed that R760Q-AE1 is not found at the plasma membrane of K562 cells (results not shown). This is in contrast to a transport inactive mutant called Southeast Asian ovalocytosis (SAO) AE1. This mutant form of AE1 is able to traffic to the cell surface in K562 cells [30, 31] . As observed with the expression of WT AE1, there was a marked change in the localization of GPA, shifting from a Golgi to an ER staining pattern. Expression of the Wr b antigen could not be detected at the cell surface (results not shown), consistent with the lack of cell surface expression of R760Q-AE1. To further support the idea that AE1 and GPA form a complex in the ER, addition of rabbit anti-GPA antibody to cell lysates immunoprecipitated R760Q-AE1 with a high mannose oligosaccharide ( Figure 8B, lane 3) , similar to the form found in the total cell lysate ( Figure 8B, lane 1) .
The effect of GPA knockdown on the cell surface expression of HA-tagged WT AE1 in transfected K562 cells
To determine the role of GPA in the cell surface expression of AE1, endogenous GPA in AE1-expressing K562 cells was downregulated using shRNAs derived from the mRNA transcript of human GPA. The knockdown of GPA was quantified by Western blot, flow cytometry, and immunofluorescence studies ( Figure 9 ). Down-regulation of GPA was apparent 2-3 days after transfection. By day 4 post-transfection, there was 80 % knockdown of GPA as calculated from Western blot band intensities ( Figure 9A ). The decrease in total GPA expression was also detected by flow cytometry in permeabilized K562 cells ( Figure 9B ) by measuring the geometric mean fluorescence per cell. The geometric mean decreased from 332 to 120 by day 7 post-transfection, corresponding to a 64 % decrease in GPA. This variation in percentage knockdown may be explained by the different specificities of the BRIC256 and BRIC163 antibodies and by the fact that Western blotting and flow cytometry represent two different methods for quantifying protein knockdown. A decrease in cell surface ( Figure 9C , top panels) and intracellular ( Figure 9C , bottom panels) GPA fluorescence was also observed by immunofluorescence confocal microscopy. These knockdown experiments also confirm the specificity of the mouse anti-GPA antibodies.
K562 cells were co-transfected with pcDNA3·WT-AE1·HA and with either the empty pSUPER.puro vector or the pSUPER.puro vector encoding the GPA shRNA. Compared with the control set of cells, no significant change in AE1 surface expression was detected in K562 cells after GPA knockdown, as observed by flow cytometry analysis of the total cell population ( Figure 10A ) or of the gated AE1 positive cell population ( Figure 10B ). The results indicate that GPA does not play a major role in the level of cell surface expression of WT AE1 in human K562 cells.
DISCUSSION
The expression of endogenous GPA in the human erythroleukaemic K562 cell line was characterized by Western blot, flow cytometry, and immunofluorescence confocal microscopy. Endogenous GPA was shown to be a processed sialoglycoprotein with both O-linked and complex N-linked oligosaccharides. GPA localized to the cell surface, but was also enriched in the Golgi. The lack of high mannose oligosaccharide indicates that GPA exits the ER efficiently. Pulse-chase experiments in K562 cells have shown that the processing of GPA from the high mannose to the complex form occurs rapidly in approx. 5-10 minutes [26, 32] . GPA trafficking to the plasma membrane is, however, not perfectly efficient, resulting in GPA accumulation in the Golgi. A surprising observation was made when comparing the staining pattern of GPA between AE1-transfected and non-transfected K562 cells. A conspicuous shift in the localization of GPA from the Golgi to the ER was observed when AE1 was expressed. If the AE1-GPA interaction begins in the ER, it is possible that the AE1 present in the ER is responsible for the retention of GPA. Furthermore, if retrograde traffic of GPA, from the Golgi to the ER, is occurring in these cells, AE1 may be sequestering the GPA that has returned to the ER after being processed in the Golgi.
Beckmann et al. [27] detected WT AE1 expression in K562 cells by Western blot, flow cytometry and immunofluorescence confocal microscopy. However, the exact location of the intracellular protein had not been determined. Due to the difficulties of maintaining a stable AE1-expressing K562 cell line, we used transient transfection to express HA-tagged WT AE1. The protein's expression and localization were detected by several methods. Western blotting showed that a small percentage of expressed AE1 was fully processed to a complex oligosaccharide, while flow cytometric analysis on intact cells confirmed its arrival at the plasma membrane. The majority of the expressed protein, however, was in the high mannose form, showing that AE1 was poorly processed to a complex sugar, and may be retained in the ER. Indeed, co-localization studies with ER and Golgi markers confirmed that not only was AE1 at the cell surface and in the Golgi, but that a large population localized to the ER. Thus the exit of AE1 from the ER is not very efficient in K562 cells, even in the presence of endogenous GPA.
By means of co-localization studies, co-immunoprecipitations, and immunofluorescence detection of the Wr b antigen, we showed that AE1 and GPA interact in K562 cells, both at the cell surface and intracellularly. To confirm our hypothesis that AE1 and GPA form a complex in the ER, we made use of a well-characterized AE1 mutant, R760Q-AE1, which is known to be retained in the ER and causes HS in humans. Not only did R760Q-AE1 co-localize with GPA in the ER, but we also showed that R760Q-AE1 could be readily co-immunoprecipitated with rabbit anti-GPA antibodies.
In order to study the effect of GPA on the cell surface expression of AE1, endogenous GPA expression was down-regulated using shRNAs. We were able to knockdown total GPA expression as shown by Western blot, flow cytometry, and immunofluorescence studies. Under certain experimental conditions, AE1 has been shown to accumulate at the plasma membrane of Xenopus oocytes at a higher rate in the presence of GPA [19] . We found that the down-regulation of GPA expression in AE1-expressing K562 cells had no significant effect on the level of AE1 cell surface expression. These contrasting results do not necessarily conflict since AE1 can traffic to the cell surface of Xenopus oocytes in the absence of GPA [19] . Furthermore, patients who lack GPA (e.g. En(a-) cells) have near normal levels of AE1 at the cell surface, indicating that AE1 can traffic efficiently to the cell surface in RBC precursors devoid of GPA [14] . Although neither AE1 nor GPA seems to be essential for the cell surface expression of each other in K562 cells, GPA may have a more prominent role in RBCs that express defective AE1. For this reason, it would be interesting to look at the effect of GPA not only on WT AE1, but on a panel of mutants that have impaired activity or trafficking, such as SAO-AE1, or the Golgiretained G701D-kAE1, which are both rescued to the cell surface in the presence of GPA when expressed in Xenopus oocytes [33, 34] .
In summary, the expression of endogenous GPA was characterized in the human erythroleukemic K562 cell line. GPA efficiently exited the ER and trafficked to the cell surface, but a significant fraction was localized to the Golgi. HA-tagged WT AE1 expressed in these cells predominantly localized to the ER, as well as to the plasma membrane where it interacted with GPA to form the Wr b antigen. GPA interacted with WT AE1 in K562 cells, and with the ER-retained mutant protein, R760Q-AE1, causing a redistribution of GPA to the ER. This shows that AE1 and GPA probably begin their interaction in the ER. The knockdown of GPA had no detectable effect on AE1 cell surface expression, thus GPA and AE1 can traffic independently of each other to the cell surface of K562 cells. However, the interaction between AE1 and GPA in the ER introduces the idea of the interdependence of membrane proteins during their biosynthesis, as we found that AE1 retains GPA in the ER of AE1-transfected K562 cells. Moreover, this study suggests that macrocomplexes may assemble in the ER prior to their arrival at the cell surface, and that their assembly is regulated by the various protein interactions involved in the complex. This may have physiological relevance in erythropoiesis, during which proteins are expressed differentially and the nucleus and cellular organelles are ultimately extruded from the cell.
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